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Edited by Peter BrzezinskiAbstract The origin of nitric oxide (NO) in plants is unclear
and an NO synthase (NOS)-like enzyme and nitrate reductase
(NR) are claimed as potential sources. Here we used wild-type
and NR-defective double mutant plants to investigate NO pro-
duction in Arabidopsis thaliana in response to Pseudomonas
syringae pv maculicola. NOS activity increased substantially in
leaves inoculated with P. syringae. However, electron paramag-
netic resonance experiments showed a much higher NO forma-
tion that was dependent on nitrite and mitochondrial electron
transport rather than on arginine or nitrate. Overall, these re-
sults indicate that NOS, NR and a mitochondrial-dependent ni-
trite-reducing activity cooperate to produce NO during
A. thaliana–P. syringae interaction.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Microbial resistance in plants is usually associated with the
activation of a wide variety of localized and systemic defenses
that prevent pathogen replication and spreading. Among these
defenses, the accumulation of antimicrobial compounds and
the hypersensitive response at the site of infection play impor-
tant roles [1]. The free radical nitric oxide (NO) is an interme-
diate signaling molecule in these plant defensive responses [2].
In addition to its potential roles in plant–pathogen interac-
tions, NO inﬂuences growth and several developmental and
adaptive processes in plants [3].
Despite the many processes controlled and/or induced by
NO in plants, the molecular mechanisms responsible for the
synthesis of this radical remain controversial. Several plant tis-
sues have been shown to produce citrulline from arginine in aAbbreviations: NO, nitric oxide; EPR, electron paramagnetic reso-
nance; NOS, nitric oxide synthase; NR, nitrate reductase; (MGD)2-
Fe(II), N-methyl-D-glucamine dithiocarbamate iron complex; Anti-A,
antimycin-A; SHAM, salicylhydroxamic acid; AOX, alternative
oxidase; XO, xanthine oxidase; SOD, superoxide dismutase
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(NOS) cofactors and sensitive to L-arginine analogs [4–8].
Nevertheless, a gene or a protein with homology to mamma-
lian NOS enzymes has not been found in plants in general,
or in Arabidopsis [9] in particular. Indeed, sequenced NOS-like
proteins of A. thaliana involved in the abscisic acid signaling
and defense responses to pathogens have no sequence similar-
ities to any mammalian NOS isoform [10,11].
In addition to the route involving an NOS-like enzyme, NO
production in plants has been suggested to occur as a side-
reaction during NO3 assimilation through the NAD(P)H-
dependent reduction of nitrite (NO2 ) by nitrate reductase
(NR) [12]. However, during nitrate (NO3 ) assimilation,
NR catalyzes the NAD(P)H-dependent reduction of
NO3 to NO

2 that is further reduced to ammonium by the
enzyme nitrite reductase (NiR) [13].
An enzymatic conversion of NO2 to
NO that is independent
of NR and NiR has recently been described in some non-legu-
minous plants [14] and in tobacco leaves and cell suspensions
[15]. Electron carriers of the mitochondrial respiratory chain
were suggested to be involved in this nitrite reductase activity,
as previously observed in studies with isolated rat liver mito-
chondria [16].
Hence, the routes for NO production in plants have yet to
be fully established, particularly during plant–pathogen inter-
action. In this study, we used wild-type and nia1 nia2 double
mutant plants deﬁcient in the NR enzyme to investigate NO
production in A. thaliana in response to an avirulent strain
of Pseudomonas syringae pv. maculicola. The production of
NO was quantiﬁed by citrulline formation and also by
electron paramagnetic resonance (EPR) spin-trapping experi-
ments using the ferrous-N-methyl-D-glucamine complex




15N. Overall, our results suggest that
NO production in plants following pathogen attack may re-
sult from the interplay of NOS, NR and a mitochondrial-
dependent nitrite-reducing activity.2. Material and methods
2.1. Plant material
Arabidopsis thaliana L. Ecotype Columbia-0 and NR nia1 nia2 mu-
tant seeds were germinated aseptically in vermiculite:perlite (1:1, v/v) in
a growth chamber. Wild-type and NR-deﬁcient mutant plants were
grown at 24 C on a 12 h photoperiod. Wild-type plants were irrigated
with half-strength Murashige and Skoog basal medium whereas NR-blished by Elsevier B.V. All rights reserved.
Fig. 1. NOS activity induced in leaves of wild-type and NR-deﬁcient
mutant A. thaliana inoculated with P. syringae (Psm). Control and
Psm-inoculated plants were maintained in the dark or under light for
the speciﬁed times. After incubation, soluble extracts were used to
measure NOS activity that was determined as the conversion of L-
[U–14C]arginine to L-[U–14C]citrulline sensitive to the arginine analogs
L-N6-(1-iminoethyl) lysine and L-N5-(1-iminoethyl) ornithine (L-NIO).
The columns correspond to the NOS activity measured in inoculated
plants minus the NOS activity in control plants and represent the
mean ± SE of two independent experiments each done in triplicate.
NOS activity in the controls was 1–4 pmol of L-[U–14C]citrul-
line min1 mg protein1.
L.V. Modolo et al. / FEBS Letters 579 (2005) 3814–3820 3815deﬁcient mutant plants were irrigated with Wilkinson and Crawford
[18] medium that contained ammonium as the main N-source. A. tha-
liana leaves detached from 30- to 40-day-old plants were used in the
experiments.
2.2. Bacterial culture and inoculation
The P. syringae pv. maculicola (Psm) strain IBSBF-1115 was grown
in nutrient agar at 28 C for 48 h. A bacterial suspension of
108 CFU mL1 was used to inoculate the abaxial surface of A. thaliana
leaves by the aspersion method, as described elsewhere [19]. Control
plants were aspersed with water.
The pathogenicity of the strain IBSBF-1115 was determined based
on the criterion that the challenge of a resistant host by an avirulent
pathogen results in an incompatible interaction that can be estimated
by the hypersensitive response (HR) [20,21]. The IBSBF-1115 strain
was identiﬁed as avirulent to A. thaliana because it elicited the HR
within 24 h when the titer of the inoculum exceeded 106 CFU mL1.
2.3. Nitric oxide synthase activity
The NOS activity of A. thaliana leaves was measured by the forma-
tion of citrulline, as previously described [8]. NOS activity was deter-
mined as the diﬀerence between the L-[U–14C]citrulline produced in
the complete reaction medium and that produced in medium contain-
ing 3 mM L-N6-(1-iminoethyl) lysine (L-NIL; Calbiochem, La Jolla,
CA) or 3 mM L-N5-(1-iminoethyl) ornithine (L-NIO; Sigma, St. Louis,
MO).
2.4. EPR measurements
The EPR spectra were obtained with a Bruker EMX instrument
equipped with a Super High Q cavity. Extracts of A. thaliana leaves
were obtained by homogenizing 170 mg of leaf tissues in 200 lL of
phosphate buﬀer (100 mM, pH 7.2) using a Polytron dispersion and
mixture system (Kinematica AG). After centrifugation (10 min at
10000 · g), the supernatant was incubated for 1 h at room temperature
in an equal volume of 100 mM phosphate buﬀer containing N-methyl-
D-glucamine dithiocarbamate iron [(MGD)2Fe(II) at 1 mM Fe
2+]
[17,22] plus the diﬀerent components described in the ﬁgure legends.
Labeled L-[15N2-guanidineimino] arginine, K
15NO3 and Na
15NO2
were purchased from Isotec (Miamisburg, OH). In control experi-
ments, leaf homogenates were boiled (8 min) prior to the addition of
the spin trap and substrates. The samples were then frozen, stored in
liquid nitrogen and thawed immediately before EPR analysis at room
temperature. The (MGD)2Fe(II) complex was prepared immediately
before each experiment by adding FeSO4 powder to a concentrated
solution of MGD in 20 mM sodium citrate [22]. The concentration
of the (MGD)2Fe(II) nitrosyl complex was estimated by EPR spectra
double integration as previously described [23,24].
2.5. Protein content determination
Protein concentrations were determined by the Coomassie blue dye-
binding method using a commercial protein assay reagent (Pierce,
Rockford, IL) and bovine serum albumin as standard.3. Results
3.1. NOS and NR activities
The inoculation of an avirulent strain of P. syringae (Psm)
into wild-type and NR-deﬁcient A. thaliana plants substan-
tially increased NOS activity that was measured as the forma-
tion of L-[U–14C]citrulline sensitive to L-arginine analogs (Fig.
1). Fig. 1 also shows that NOS activity was similar in plants
maintained in the dark or in light. The induced NOS activity
was maximal 6 h after infection with the bacteria, with the
formation of 11.7 ± 0.6 and 11.3 ± 0.5 pmol of L-[U-14C]citrul-
line min1 mg protein1 (P < 0.05; Students t test), in wild-
type and NR-deﬁcient mutants, respectively. NR activity in
light was about sevenfold higher than that in the dark (not
shown), in agreement with previous reports that describeinduction of the enzyme by light [25]. As expected, NR activity
was not detected in the leaves of nia1 nia2 double mutants. To-
gether, these results indicated that the inoculation of Psm-in-
duced NOS activity in A. thaliana leaves that was not
inﬂuenced by the absence of NR.
3.2. NO production monitored by EPR
To conﬁrm NO production by A. thaliana after inoculation
with P. syringae, we did EPR spin-trapping experiments with
(MGD)2Fe(II) [17,22]. Since wild-type and NR-deﬁcient mu-
tant plants showed maximal pathogen-induced NOS activity
6 h after the inoculation of bacteria (Fig. 1), this time interval
was used to collect the leaves for subsequent analysis. As
shown in Fig. 2, experiments done by incubating A. thaliana
leaf homogenates of wild-type and mutant plants (control or
Psm-inoculated) with the spin trap in 100 mM phosphate buf-
fer for 1 h showed no (MGD)2Fe(II)NO production. However,
the incubation of wild-type leaf homogenates with all mamma-
lian NOS cofactors, including 1 mM NADPH, and the spin
trap for 1 h resulted in the characteristic three-line spectrum
of the (MGD)2Fe(II)NO complex [26] providing unequivocal
evidence for the production of NO. In contrast, the complex
was barely detectable in homogenates of mutant plants. Sur-
prisingly, production of the (MGD)2Fe(II)NO complex in
wild-type homogenates was not changed by adding 1 mM argi-
nine to the incubation medium. This was conﬁrmed in several
experiments done to assess the statistical signiﬁcance of the
(MGD)2Fe(II)NO complex produced (Fig. 3A, P < 0.05; Stu-
dents t test). The EPR-detectable NO production was also
not inﬂuenced by light (not shown) or by incubation of the
homogenates with superoxide dismutase (SOD) (Fig. 3A) to
Fig. 2. Representative EPR spectra of leaf homogenates from wild-type and NR-deﬁcient plants incubated with the (MGD)2Fe(II) complex and L-
arginine or NO3 . The spectra were obtained using homogenates of control and Psm-inoculated leaves from plants maintained in the dark for 6 h. The
spectra were scanned after incubating the homogenates for 1 h in phosphate buﬀer with (MGD)2Fe(II) complex alone or in combination with all
mammalian NOS cofactors (or plus 1 mM NADPH or 1 mM NADH) and 1 mM L-arginine (or plus 1 mM L-[15N2-guanidineimino] arginine or
1 mM NO3 or 1 mM
15NO3 ), as indicated. The spectra shown are the average of four scans. Instrument conditions: microwave power, 20 mW;
modulation amplitude, 2.5 G; time constant, 81.92 ms; scan rate, 2.4 G s1; gain, 2.0 · 105.
Fig. 3. NO produced by A. thaliana leaves in response to P. syringae as quantiﬁed by EPR. The data in this ﬁgure were obtained from the
experiments shown in Figs. 2 and 4. The amount of (MGD)2Fe(II)NO complex produced was quantiﬁed by double integration using known
concentrations of 4-hydroxy-2,2,6,6-tetramethyl-1-piperidinyloxy as standard. Control (open bars) and Psm-inoculated (closed bars) plants were
maintained in the dark for 6 h. Leaf homogenates (LH) were prepared and incubated with the spin trap and (A) all NOS cofactors, including 1 mM
NADPH, in the absence or presence of 1 mM L-Arg or L-15N-Arg, (B) 1 mM NADH in the absence or presence of 1 mM NO3 or
15NO3 , and (C)
1 mM NADH in the absence or presence of 1 mM NO2 or
15NO2 . When indicated, SOD was used at 100 U mL
1. The columns represent the
mean ± S.E. of two independent experiments each done in triplicate.
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which is expected to increase during plant–pathogen interac-
tions [1]. Likewise, formation of the complex was not
signiﬁcantly diﬀerent in homogenates of control and 6 h
Psm-inoculated wild-type plants (Figs. 2 and 3A) or in homog-
enates containing L-N5-(1-iminoethyl) ornithine, an inhibitor
of NOS (data not shown) indicating that the endogenous
NO production detected by EPR was not attributed to NOS
activity. These results diﬀered from those in Fig. 1 in which
the conversion of arginine to citrulline increased after Psm
inoculation and was sensitive to NOS inhibitors.
To further verify the participation of NOS activity in the
production of the NO detected by EPR, incubations were
done using arginine isotopically labeled with 15N (L-[15N2-
guanidineimino]arginine) [23,26]. This substrate would pro-
duce labeled 15NO which, when complexed with
(MGD)2Fe(II), should yield a two-line EPR spectrum. How-
ever, this characteristic spectrum of the (MGD)2Fe(II)
15NO
complex was not detected (Fig. 2), even in the presence of
SOD (not shown). Considering that NO production moni-
tored by citrulline formation was low (around
12 pmol min1 mg protein1) (Fig. 1), it is not surprising that
15NO was not detected by EPR since the intrinsic error of this
method is typically around 20–30% [23,24]. Under our experi-
mental conditions, the average rate of (MGD)2Fe(II)NO com-
plex formation in the absence or presence of arginine was
55 ± 12 pmol min1 mg protein1 (Fig. 3A), whose deviation
was close to the levels of citrulline detected (Fig. 1).
Since NR has been claimed to be an important source of
NO in plants [12,28], we next examined the possibility that
NO3 was the source of
NO during the A. thaliana–P. syringae
interaction. Homogenates from the leaf tissues of wild-type
and NR-deﬁcient mutant plants (controls or Psm-inoculated)
were incubated with 100 mM phosphate buﬀer containing
1 mM NADH, an important cofactor for NR activity and
the spin trap. Again, only homogenates of the wild-type plants
showed clear EPR spectra, the intensities of which were not
signiﬁcantly aﬀected by the presence of NO3 , Psm inoculationFig. 4. Representative EPR spectra of leaf homogenates from wild-type an
NO2 . The spectra were obtained using homogenates of control and Psm-ino
were scanned after incubating the homogenates for 1 h with (MGD)2Fe(II)
1 mM NO2 or plus
15NO2 , as indicated. The spectra shown are the avera
described in the legend of Fig. 2, except for the gain, which was 10 times lo(Fig. 2) and light (data not shown). Replacement of
NO3 by
15NO3 barely changed the EPR spectrum or its inten-
sity, although a small distortion of the peaks (Fig. 2) suggested
some contribution (less than 10%) of the (MGD)2Fe(II)
15NO
complex. Fig. 3B shows that NO production under the above
conditions was in the range of 50–63 pmol min1 mg protein1
(P < 0.05; Students t test) and was not signiﬁcantly diﬀerent
from that obtained in the experiments with arginine (Fig. 3A).
After excluding arginine and NO3 as the main sources of
EPR-detectable NO in Arabidopsis homogenates, the last pos-
sibility to test was NO2 . The addition of NO

2 to leaf homog-
enates of wild-type plants in the presence of 1 mM NADH and
the spin trap increased the rate of (MGD)2Fe(II)NO complex
production from 50 pmol min1 mg protein1 to 117 and
139 pmol min1 mg protein1 in control and Psm-inoculated
leaves, respectively (Figs. 3C and 4). In the presence of SOD,
the formation of the (MGD)2Fe(II)NO complex was even
higher, reaching 137 pmol min1 mg protein1 in control
leaves and 213 pmol min1 mg protein1 in inoculated leaves
(Fig. 3C, P < 0.05; Students t test). These results contrasted
with those obtained with arginine (Fig. 3A) in which SOD
had no eﬀect.
That NO2 was the nitrogen source of the detected
NO was
conﬁrmed by using 15NO2 . In this case, the characteristic two-
line EPR signal of the (MGD)2Fe(II)
15NO complex was clearly
detected (Fig. 4). Contributions of the three-line signal of
(MGD)2Fe(II)NO to the spectrum were undetectable or lower
than 10%. The levels of (MGD)2Fe(II)NO produced chemi-
cally from the reduction of NO2 by (MGD)2Fe(II) [29] were
low (625 pmol min1 mg protein1), as shown by experiments
done with boiled homogenates (data not shown). Light had no
signiﬁcant inﬂuence on the levels of NO detected in control
and Psm-inoculated wild-type leaf homogenates (data not
shown).
Although these results obtained with wild-type plants could
indicate that NO production depended on the reduction of
NO2 to
NO catalyzed by NR, as has been proposed in the lit-
erature, this was not supported by the results obtained with thed NR-deﬁcient plants incubated with the (MGD)2Fe(II) complex and
culated leaves from plants maintained in the dark for 6 h. The spectra
complex and phosphate buﬀer containing 1 mM NADH alone or plus
ge of four scans. The instrument conditions were the same as those
wer.
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0.5% of the wild-type NR activity [18], showed very low endog-
enous production of NO (0–15 pmol min1 mg protein1) but
produced considerable levels of NO in the presence of NO2
(119 pmol min1 mg protein1). This production almost dou-
bled in 6 h Psm-inoculated leaves (227 pmol min1 mg pro-
tein1). Also, the presence of SOD increased the yield of
NO in incubations of the mutant with NO2 to 155 pmol
min1 mg protein1 in control leaves and 312 pmol min1 mg
protein1 in inoculated leaves (Fig. 3C). To demonstrate
unequivocally that this NO originated from NO2 reduction,
we did experiments using NO2 isotopically labeled with
15N.
The two lines seen in the resulting spectrum conﬁrmed that
this NO production was indeed derived from NO2 (Fig. 4).
The data collected from several experiments are shown in
Fig. 3C (P < 0.05; Students t-test). As with wild-type plants,
light had no eﬀect on NO production from NO2 (data not
shown).
In animals, the enzyme xanthine oxidase (XO) involved in
purine metabolism is able to catalyze the conversion of NO2
to NO [30]. To assess whether XO activity was responsible
for NO production under our experimental conditions, we
did incubations in the presence of allopurinol, a speciﬁc XO
inhibitor. However, allopurinol (at 0.1 mM, 1 mM or 10 mM)
had no eﬀect on NO production from NO2 by control or
Psm-inoculated nia1 nia2 A. thaliana leaves (data not shown),
indicating that this nitrite-reducing activity cannot be attributed
to XO.
While these studies were being done, a mitochondrial-depen-
dent nitrite reductase activity responsible for an NR-indepen-
dent NO synthesis was detected in tobacco leaves and cell
suspensions [15]. We therefore checked whether such an activ-
ity could account for the NO2 -derived
NO production in
A. thaliana. As shown in Fig. 5, antimycin-A (Anti-A), anFig. 5. Mitochondrial-dependent NO production from NO2 by A.
thaliana leaves in response to P. syringae. Control (C) and Psm-
inoculated (I) NR-deﬁcient and wild-type plants were maintained in
the dark for 6 h. Leaf homogenates were then incubated with the spin
trap and 1 mM NADH alone, or in combination with 1 mM NO2 ,
100 U of SOD mL1, 100 lM Anti-A and 2.0 mM SHAM, as
indicated. The amount of (MGD)2Fe(II)NO complex produced was
quantiﬁed as described in the legend of Fig. 3. The columns represent
the mean ± S.E. of two independent experiments done in triplicate.inhibitor of complex III of the mitochondrial respiratory
chain, almost abolished NO production from NO2 in NR-
deﬁcient mutant plants. Anti-A decreased the NO production
in leaf homogenates incubated with the spin trap, NADH,
NO2 and SOD from 160 and 322 pmol min
1 mg protein1
to 27 and 42.8 pmol min1 mg protein1 in control and 6 h
Psm-inoculated plants, respectively.
In addition to having the main complexes of the respiratory
chain present in animals, plant mitochondria also express
alternative pathways for electron transport that include the
alternative oxidase (AOX), a terminal oxidase diﬀerent from
complex IV (cytochrome c oxidase) [31]. We therefore exam-
ined whether the residual antimycin-A-resistant nitrite reduc-
tase activity in NR-deﬁcient mutants could be inhibited by
salicylhydroxamic acid (SHAM), a speciﬁc AOX inhibitor.
As shown in Fig. 5, the addition of SHAM did not decrease
the NO production any further.
In wild-type plants, Anti-A alone or with SHAM also de-
creased NO production from NO2 . In the presence of
SOD, NO production in wild-type leaf homogenates decreased
from 137 and 213 pmol min1 mg protein1 to 96 and 82 pmol
min1 mg protein1 in control and 6 h post-inoculated leaves,
respectively, in the presence of Anti-A and SHAM (Fig. 5).
These results showed that, in contrast to theNR-deﬁcientA. tha-
liana plants, wild-type plants were able to produce a substantial
amount of NO from NO2 , even in the presence of Anti-A and
SHAM. Since this mitochondrial-resistant NO synthesis was
seen only in wild-type plants, it must have resulted from NR
activity.
The pathogen-induced NO production from NO2 was con-
sistently higher in NR-deﬁcient than in wild-type plants (Figs.
3C, 4 and 5), probably because part of the NO2 added to wild-
type leaf homogenates was converted directly to ammonium
during nitrate assimilation in these plants. Additionally, con-
version of NO2 to ammonium is probably limited in NR-
deﬁcient plants because they were grown on media containing
ammonium as the main nitrogen source, a condition that
strongly reduces NiR activity and protein level [32].4. Discussion
Our results showed that the inoculation of A. thaliana leaves
with an avirulent strain of P. syringae pv. maculicola triggered
the synthesis of NO by the leaves. By monitoring the forma-
tion of L-[U–14C]citrulline from L-[U–14C]arginine (Fig. 1)
and of the (MGD)2Fe(II)NO complex from L-
15N-labeled
arginine, NO3 and NO

2 (Figs. 2–5), we were able to demon-
strate that NO2 was the major source for
NO production dur-
ing this plant–pathogen interaction.
The conversion of NO2 to
NO in plants has been attributed
to NR [12,28]. However, in our experimental conditions, most
of the NO2 -derived
NO production cannot be attributed to
NR because homogenates from plants lacking the two struc-
tural genes NIA1 and NIA2 also produced NO (Figs. 3–5).
This NR-independent production of NO from NO2 was pre-
vented by Anti-A, indicating that electron transport by the
mitochondrial respiratory chain was essential for this process.
Nitrite reduction by mitochondrial electron transport has been
observed in tobacco under anoxia [15]. These authors mea-
sured NO emission from intact leaves and cells, which could
explain why they detected NO formation only under anaero-
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with oxygen for NO and allowed the capture of NO immedi-
ately upon formation in the leaf extracts.
The low basal levels of endogenous NO in A. thaliana NR-
deﬁcient mutant plants were useful for demonstrating that
NO2 -derived
NO production was more pronounced in inocu-
lated than in control leaves (Fig. 3C). In wild-type plants, this
increased NO production was diﬃcult to detect in the absence
of SOD, because of the pre-existing basal NO levels that re-
acted with O2 [29]. However, the addition of SOD revealed
a signiﬁcant diﬀerence in NO production between control
and inoculated wild-type plants (Figs. 3C and 5).
In wild-type plants, a non-mitochondrial route of NO pro-
duction from nitrite was also detected, and most likely resulted
from the activity of NR (Fig. 5). Other plant species also pro-
duce NO via NR when the tissue nitrite concentrations are
high [12,33]. Likewise, transgenic plants expressing a perma-
nently active NR enzyme have increased NO emissions [28].
The production of L-citrulline from L-arginine was increased
in inoculated A. thaliana leaves from wild-type and nia1 nia2
double mutant plants, thus indicating the participation of an
NOS-like enzyme in this response, as previously observed for
other plant–pathogen interactions [4,5,8,11]. Although NO
production by NOS was much lower than that derived from ni-
trite, the increase in the activity of this enzyme, about 4-fold
after Psm inoculation (Fig. 1), suggested that this pathway
was very important for plant defense signaling through NO.
Other putative sources of NO via NO2 reduction in plants
appear unlikely under our experimental conditions. For in-
stance, the participation of XO was excluded by doing the
experiments in the presence of its potent inhibitor allopurinol.
A plasma membrane-bound enzyme proposed to produce NO
from NO2 [34] has been identiﬁed only in root tissues of tobac-
co plants and is therefore unlikely to account for the nitrite
reducing activity detected here in leaf homogenates.
In conclusion, our results indicate that at least three enzy-
matic activities, namely NOS, NO2 reduction by the mito-
chondrial electron transport system and NR, are involved in
producing NO during A. thaliana P. syringae interaction. In
leaf homogenates of A. thaliana, the predominant activity ap-
pears to be NO2 reduction by the mitochondrial electron
transport system whereas NR activity is apparently more
important in providing NO2 for
NO production. NO derived
from NOS probably has a role in signaling the defense re-
sponse. As a result of these three enzymatic activities, A. tha-
liana can produce substantial amounts of NO to prevent the
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